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Zusammenfassung 
 
Die Funktionsweise des Sehens ist von großem wissenschaftlichem Interesse 
und eine Vielzahl von Studien beschäftigt sich mit den Augen und den 
primären Verarbeitungszentren in Drosophila und Vertebraten. Allerdings gab 
es bis jetzt keine Beschreibung der synaptischen Verbindungen kompletter 
neuronaler Schaltkreise. Während meiner Dissertation studierte ich den für 
die Phototaxis verantwortlichen neuronalen Schaltkreis in Platynereis 
dumerilii. Mit Hilfe von Serienschnitten konnte ich den ersten kompletten 
neuronale Augen-Schaltkreis in der drei Tage alten Larve rekonstruieren. Die 
vier sich entwickelnden adulten Augen sind für die Phototaxis verantwortlich. 
Sie bestehen aus Photorezeptorzellen unterschiedlichen Alters, die über 
mehrere Interneurone die Muskeln und Wimpernzellen innervieren. Mit 
zunehmendem Alter der Photorezeptorzellen vergrößert sich das 
Rhabdomvolumen, die Axonlänge und die Anzahl der Synapsen. Die 
Photorezeptorzellen sind auf dem Level der Interneurone vernetzt und 
ermöglichen den Vergleich des einfallenden Lichtes zwischen beiden 
Körperseiten. Die Larve reagiert auf ein Ungleichgewicht der Lichtintensität 
mit einseitiger Muskelkontraktion und ändert so ihre Schwimmrichtung. Die 
Analyse der räumlichen Lichtverhältnisse durch den Vergleich des 
einfallenden Lichtes auf beiden Körperseiten ist das Merkmal 'echten' 
Sehens. Es unterscheidet sich von der Phototaxis im frühen Larvenstadium, 
bei dem die räumliche Auflösung durch fortwährendes scannen der 
Umgebung erreicht wird. Meine Daten zeigen ebenfalls, dass ein Auge die 
Muskulatur auf beiden Körperseiten innerviert. Dadurch kann die Larve 
entweder zum Licht oder vom Licht weg schwimmen. Zudem ist die 
Effektivität der Phototaxis vom Kontrast, aber nicht von der Lichtintensität 
abhängig. Ich konnte ein Interneuron-Motiv identifizieren, welches für die 
Erhöhung der Kontrastwahrnehmung verantwortlich ist. Zusätzlich beschrieb 
ich das Expressionsmuster zweier rhabdomerer Opsine in verschiedenen 
Larvenstadien. Basierend auf der Opsinexpression und der Rekonstruktion 
des Larvenauges, konnte ich eine zweite Photorezeptorzelle beschreiben, die 
wahrscheinlich auch im adulten Wurm eine Funktion hat.  
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Summary 
 
Visually guided behavior is widespread in the animal kingdom. Despite this, 
most studies focused on the eyes and visual processing centers of 
vertebrates and Drosophila. We therefore have detailed understanding of the 
neuronal bases of visually-guided behavior in these organisms. However, a 
complete synaptic-level connectivity-map (connectome) of a visual circuit has 
not yet been described in any animal. In this thesis I studied the neural circuit 
mediating phototaxis in the marine annelid Platynereis dumerilii. Using serial 
section electron microscopy (ssEM), I was able to reconstruct the first 
complete eye circuit in a 3 dpf old Platynereis larva, from photoreceptor cells, 
via several interneurons and motorneurons to the motor organs (muscles and 
cilia). Phototaxis is mediated by four visual eyes, which grow during the whole 
life by adding new cells throughout the animal's life. Older photoreceptor cells 
had larger rhabdomes, longer axon and a greater number of synapses. The 
four eyes of the larva are connected at the level of the interneurons and allow 
the comparison of light levels on either side of the body. An imbalance in light 
intensity evokes a unilateral muscle contraction, leading to body bending and 
a change in swimming direction. The comparison of light inputs on either side 
of the body in order to achieve spatial resolution is a hallmark of vision and 
represents a navigation strategy completely different from the scanning non-
visual phototaxis found in Platynereis larvae younger than three days. My 
connectome data also demonstrate that signals from one eye can reach the 
longitudinal muscles on either side of the body. This allows the larva to switch 
between positive and negative phototaxis. I also showed that the efficiency of 
phototaxis depends on light contrast and not total light intensity. I identified a 
reciprocal inhibitory interneuron motif between the crosswise eyes that 
enhances contrast detection.  
I also describe in detail in this thesis the expression patterns of two 
rhabdomeric opsin genes in the visual eyes and larval eyes of Platynereis at 
different developmental stages. These gen expression patterns led me to 
identify a second photoreceptor cell in the larval eye that, based on its opsin 
expression and connectivity, likely still has a function in the adult worm. 
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Introduction 
 
Visual navigation requires the detection of spatial differences in environmental 
light levels at the level of the neuronal circuit without body movement (Nilsson 
2009). Understanding how visual navigation works would require the 
ultrastructural mapping of the structure and function of neuronal circuits at 
single cell resolution and the identification of all synapses. Recent efforts on 
the connectomic reconstruction of the visual system in Drosophila provided 
detailed insights into the mechanisms of motion detection (Takemura et al. 
2013) (Meier et al. 2014) (Maisak et al. 2014) (Shinomiya et al. 2014) and 
color vision (Gao et al. 2008) (Morante & Desplan 2008). In vertebrates, the 
synaptic connectivity of the retina was studied in great detail (Anderson et al. 
2011) (Marc et al. 2012), leading to the identification of direction sensitive 
neurons (Helmstaedter et al. 2013) (Briggman et al. 2011). However, in flies 
and mice, the description of the eye connectome is still restricted to the retina 
or the first visual processing center (optic lobe) and we lack the complete 
synaptic connectivity maps of visual systems encompassing the 
photoreceptor cells and all downstream neurons until the motor organs. 
During my thesis work I reconstructed the first complete eye circuit, 
downstream of the adult eyes in the three day post fertilization (dpf) old larva 
of Platynereis dumerilii.  
For the reconstruction I fixed and sectioned the head and first segment of a 3 
dpf old Platynereis larva for serial section transmission electron microscopy 
(ssTEM). Each section was imaged at high resolution and stitched and 
aligned into a series encompassing 1600 sections. The adult eyes could be 
identified in the EM sections by the pigment cup, the lens and the rhabdome 
of the photoreceptor cells (Figure 1A, 3C). Using TrakEM (Cardona et al. 
2012), I reconstructed the full neuronal circuitry postsynaptic to the eye 
photoreceptors. First I segmented the photoreceptor cells and annotated their 
synapses and postsynaptic targets (Figure 1A-C). Synapses were identified 
as accumulations of vesicles close to the cell membrane (Figure 1D-F). Then I 
identified and reconstructed all neurons postsynaptic to the eyes, reaching the 
motor targets of the eye circuit, the longitudinal trunk muscles and prototroch 
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cells. The complete reconstruction of the eye circuit gives detailed information 
about morphological arrangement of cells and synapses and their 
connectivity. The connectivity map of the eye circuit together with behavioral 
experiments provided detailed insights into the neuronal mechanisms of 
phototaxis in 3 dpf old Platynereis larvae. 
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Figure 1. Transmission electron microscopy images of the visual eye circuit from a 3 
dpf old Platynereis larva. (A-C) Reconstruction of a photoreceptor cell and its 
postsynaptic target. (A) Right anterior adult eye with one segmented photoreceptor 
cell (cyan). (B) TEM of the nerve plexus with a segmented axon (cyan) of the 
photoreceptor cell and its synapse. (C) Linkage of the photoreceptor cell (cyan) with 
its postsynaptic neuron (yellow) by a 'connector' (red). (D-F) Examples of different 
synapses. (D) Synapse between two neurons. (E) Neuromuscular synapse between 
a motorneuron and a muscle cell. (F) Synapse between motorneuron and a 
prototroch cell. Scale bars: (A) 3 µm; (B, C) 1 µm; (D, E, F) 0,2 µm. 
 
Platynereis is a marine annelid with a biphasic life-cycle consisting of a tube-
dwelling adult phase and a free-swimming phototactic larval phase (Fischer et 
al. 2010) (Figure 2). It has two different types of eyes, the larval eyes 
(eyespots) and the adult eyes. The two small larval eyes mediate positive 
phototaxis in the trochophora larva (up to 2 dpf). Each of the larval eyes 
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consist of a single rhabdomeric photoreceptor cell and a pigment cell (Rhode 
1992). Upon a light stimulus, the photoreceptor cell releases acetylcholine 
onto a prototroch cell and decreases the ciliary beating frequency, which 
leads to a re-orientation of the body axis during phototaxis (Jékely et al. 
2008). The larva gains spatial light information by constantly scanning the 
environment during rotation around the body axis (Jékely et al. 2008), a 
hallmark of non-visual phototaxis (Nilsson 2009).  
 
 
Figure 2. Scanning electron micrographs of different developmental stages of 
Platynereis: (A) Early trochophora larva (1 dpf) with the ciliary band and the larval 
eyes. (B) In the late trochophora larva (2 dpf) the parapodia starts to develop. (C) 
Dorsal view of a three segmented nectochaete larva (3 dpf) with three ciliary bands. 
The adult eyes develop on the dorsal side of the head. (D, E) Addition of a fourth (D) 
and fifth (E) segment in a juvenile. In (E) cephalic metamorphosis is initiated, visible 
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by the replacement of the first parapodia with a pair of dorsal cirrus (indicated by the 
arrow). (F) Metamorphosed juvenile Platynereis. (G-I) Tube-dwelling four month old 
adult, which grows by constant addition of segments. (H, I) Close-up of the head in a 
four month old adult Platynereis with the antennae, cirri and palpae. Scale bars: (A, 
B, C) 50 µm; (D, E, F, H, I) 100 µm; (G) 1 mm. 
 
The nectochaete larval stage (>3 dpf) of Platynereis is also phototactic. At this 
stage the larva has two larval eyes (Figure 3A, B) and additionally four dorsal 
eyes, the developmental precursors to the adult’s visual eyes (Figure 3A-C). 
The adult eye precursors appear during the third day of development as 
simple structures composed of a few photoreceptor and pigment cells with a 
lens (3dpf). These eyes later develop into the large visual eyes of the adult 
comprised of several hundred photoreceptors and pigment cells (Rhode 
1992).  
The eyes of Platynereis consist of rhabdomeric photoreceptor cells. In 
rhabdomeric photoreceptors the phototransduction cascade is initiated in 
specialized apical microvilli, the rhabdoms. Rhabdomeric photoreceptors use 
rhabdomeric-type opsins, seven transmembrane G-protein coupled receptors 
coupled to retinal chromophore. Light triggers the conformational change of 
11-cis-retinal to all-trans-retinal and initiates a transduction cascade via a Gq-
protein (Yau & Hardie 2009) (Terakita 2005). 
Platynereis larvae also have ciliary photoreceptors with specialized sensory 
cilia containing a ciliary opsin, however, these cells are not associated with 
pigment cells (Arendt et al. 2004) (Figure 3A, D). Although the distinction of 
ciliary versus rhabdomeric-type opsins and photoreceptors is clear for visual 
eyes, members of other opsin families, including peropsins and retinochrome, 
are sometimes coexpressed with ciliary or rhabdomeric-type opsins in the 
same cell. Often multiple opsins of the same family are coexpressed in the 
same eye or photoreceptor cell, providing broader coverage of the visual 
spectrum (Lukáts et al. 2005) (Porter et al. 2009) (Katti et al. 2010). The co-
expression of two kinds of opsin, which differ in their absorption spectra, can 
act as a depth gauge, where the water-depth is determined according to the 
spectral profile of the water. 
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Figure 3. Serial section transmission electron microscopy images in a 3 dpf old 
Platynereis larva: (A) A representative cross-section from the head. The position of 
the larval and adult eyes and the ciliary photoreceptor cells are indicated by the 
circles. (B-D) Ultrastructure of the different types of eye: The rhabdomeric 
photoreceptor cells of the larval (B) and adult eye (C) are associated with pigment 
cells. In contrast the cilia of the ciliary photoreceptor cells (D) are not shaded by 
pigment granules. Scale bars: (A) 25 µm; (B-D) 1,5 µm. 
 
During their planktonic free-swimming stage (1-6 dpf), Platynereis larvae 
perform phototaxis. Phototaxis is a widely distributed behavior amongst 
planktonic organisms, including copepodes (Cohen & Forward 2002), (Chae & 
Nishida 2004), (Bollens & Frost 1990), (Stearns & Forward 1984) (Swift & 
Forward 1983) and larvae of sponges ((Collin et al. 2010), (Leys et al. 2002), 
cirrepedia (Barnes & Klepal 1972), (Lang et al. 1979), (Visscher 1928) 
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mollusks (Barile et al. 1994) (Miller & Hadfield 1986), bryozoan (Pires & 
Woollacott 1997), polychaetes (Marsden 1986) (Marsden 1988), (Marsden 
1990), (Young & Chia 1982) (Jékely et al. 2008), flatworms (Johnson & 
Forward 2003) and ascidian (McHenry & Strother 2003) (Kajiwara & Yoshida 
1985). 
The mechanism of phototaxis in the early stage is well understood, but 
phototaxis in the late larval stages has not yet been studied. Phototaxis 
represents directional movement along a light vector either towards (positive) 
or away (negative) from the light source. The minimal requirements for 
phototaxis are a partly shaded photoreceptor cell to detect the light direction, 
which is able to transmit the signal to the motor organ. Phototaxis also 
requires the ability to gain spatial resolution (Jékely 2009). This can be 
achieved either by a consistent scanning of the light field by axial body 
rotation and the fast adaption of the photoreceptor cells (non-visual 
phototaxis) as in the trochophora larvae of Platynereis (Jékely et al. 2008) or 
by vision where spatial resolution is achieved by comparison of the light input 
on both body sides without body movement (Nilsson 2009), as in Danio rerio 
(zebrafish) larvae (Burgess et al. 2010) or in the lamprey (Ullén et al. 1997). 
Drosophila larvae seem to use a non-directional mechanism allowing the 
larvae to move along a light gradient, but not a light vector (Kane et al. 2013).  
In this thesis, I describe the neural connectome of the Platynereis visual eyes 
and how this neural circuit mediates visual phototaxis in the late larval stage. 
 
Aim of the thesis 
 12	  
Aim of the thesis 
 
It has long been known that planktonic organisms perform vertical migration, 
which is often triggered by light. Many studies describe the behavioral 
response of zooplankton upon a light stimulus, but the underlying mechanism 
is mostly unknown. In the early larval stage of Platynereis (1-2 dpf) a direct 
sensory-motor system mediates non-visual positive phototaxis. However, 
older Platynereis larvae are able to switch between positive and negative 
phototaxis, which indicates a change in the neuronal processing. A 
description of the mechanisms in late larval stage are still missing. Moreover, 
information about opsin expression in different larval stages is important for 
understanding the functional diversity of eyes. 
The main goal of my thesis is to understand the function of the eye circuit, 
driving phototaxis in late Platynereis larvae. I mainly focused on the following 
questions: Do 3 dpf old Platynereis perform visual or non-visual phototaxis? 
How is the phototactic sign-switch regulated? How is the light stimulus 
transmitted to the motor organ? How does the opsin expression change 
during development? 
To address those questions, I used ssTEM to reconstruct the complete eye 
circuit in a 3 dpf old larva, including photoreceptor cells, several classes of 
interneuron, motorneurons and the motor organs. The reconstruction reveals 
the morphology and connectivity of single neurons and provided insights into 
the function of the neural circuit. This connectome data enables me to 
formulate several hypotheses on the mechanism of phototaxis in Platynereis. I 
tested these hypotheses using behavioral experiments combined with laser 
ablations. I also characterized in detail the expression and localization of two 
rhabdomeric opsins in the eyes, which gave insights into their photoreceptor 
complement and ontogenetic changes.  
The combination of different approaches, including ssTEM, laser ablation, 
swimming assays and molecular markers, allows me to gain unprecedented 
insights into a visually guided behavior, and represents the first integrative 
description of the structure and function of a complete visual circuit and 
visually-guided behavior in any animal.  
Results 
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Results 
 
N. Randel, A. Asadulina, L.A. Bezares-Calderón, C. Verasztó, E.A. Williams, 
M. Conzelmann, R. Shahidi, G. Jékely. Neuronal connectome of a sensory-
motor circuit for visual navigation. eLife 2014; 10.7554/eLife.02730. 
 
The understanding of how environmental stimuli result in distinct motor 
outputs requires the study of the neuronal connectivity of behaviorally relevant 
circuits. Here I reconstructed the first complete connectivity map of all 
neurons lying on synaptic pathways from visual eye photoreceptors to 
locomotor organs (muscles and ciliary bands) in order to understand the 
mechanism of phototaxis in the 3 dpf old larva of Platynereis dumerilii. 
The larva has six eyes, two eyespots and four visual eyes (adult eyes). Using 
laser ablation experiments, I investigated the involvement of the different 
types of eyes in phototaxis. At 3 dpf the larval eyes are no longer able to 
mediate phototaxis, it is the adult eyes that are responsible for directional light 
responses. In order to understand how the swimming direction is changed 
during phototaxis, I mounted larvae between a coverslip and a slide and 
selectively illuminated the eyes on one side. These experiments revealed that 
unilateral illumination provokes tail bending by unilateral muscle contraction. 
In free-swimming larvae, such muscle contractions lead to a change in the 
swimming direction.  
The eye ablation experiments also showed that at least one adult eye on each 
side of the body has to be functional in order to generate a phototactic 
response. If the larva is completely blinded on one side, it reacts to a light 
stimulus by constant tail bending and circular swimming, and is unable to 
swim straight towards or away from a directional light source. These 
experiments showed that larvae compare the light input from both sides of the 
body and an imbalance in left-right illumination leads to the unilateral 
contraction of muscles and the re-orientation of the larva in relation to the 
light. The response is therefore visual, because the larvae are able to detect 
spatial differences in light levels without body movement (axial rotation). 
Hence the larva uses visual navigation to orient itself in the light beam, and 
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this response is mediated by visual eyes. 
To map the neural circuitry of the visual eyes, I performed ssTEM and 
reconstructed the neuronal circuit of the eyes. The head and part of the first 
trunk segment was sectioned in 40-50 nm steps in one larva. I registered and 
aligned the image stacks and reconstructed the neural circuitry manually 
using TrakEM2. To visualize the cell complement of the eye network and to 
analyze its connectivity I used 3Dviewer, Imaris, Blender and Gephi. 
The visual eye circuit is composed of 21 photoreceptor cells, 42 interneurons 
and 11 motorneurons. I classified 6 classes of interneurons based on the 
position of the cell bodies and connectivity. The photoreceptor cells have a 
dendrite (rhabdome) but all other neurons are unipolar and are connected by 
axo-axonal contacts.  
All four visual eyes are connected at the level of the interneurons and this 
wiring allows the comparison of light input from the left and the right side of 
the body. The motorneurons innervate the ventro- and dorsolateral 
longitudinal muscles and the cells of the ciliary bands (prototroch and 
metatroch). I also used calcium imaging to show directly that the longitudinal 
muscles in the trunk are contracted during unilateral illumination of the eyes, 
in agreement with the wiring diagram. Although during this project I only 
reconstructed the circuit of one individual, I was able to assess the stereotypy 
of synaptic connection by comparing the connectivity matrix of neurons from 
the left and right side of the body. I also compared the spatial arrangement of 
pre- and postsynapses from left and right neurons of the same classes of 
neurons. The number and the spatial arrangement of synapses are very 
similar between the left and right sides of the body, indicating that the 
neuronal connectome is stereotypic.  
All synaptic contacts in the visual circuit are axo-axonal and the synapses are 
concentrated in two defined optic neuropils in the larval brain. I also identified 
and reconstructed three giant multilamellate glial cells that tightly surround the 
optic neuropils. Several of the neurons are intrinsic to either the primary or the 
secondary optic neuropil, with connections between the two neuropils 
provided by two distinct classes of interneurons, the trans-optic neuropil 
interneurons and the Schnörkel-interneurons.  
The eye circuit is a feed-forward circuit and the signal flows from the 
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photoreceptor cells of one eye to a single primary interneuron. There are four 
primary interneurons, one per eye, and the main targets of these cells are the 
trans-optic neuropil interneurons, which innervate the motorneurons via the 
Schnörkel-interneurons. The neurons in the circuit are mostly connected in a 
cross-wise manner, with cells synapsing on neurons on the contra-lateral 
side. The Schörkel-interneurons are an exception, because they innervate 
both the ipsi- and the contralateral motorneurons. The motorneurons always 
project to the muscles and ciliated cells on the contra-lateral side. The signal 
from the eye diverges at the level of the Schörkel-interneurons and can reach 
both sides of the body. This may explain the ability of the larvae to perform 
both positive and negative phototaxis.  
The analysis of the connectivity matrix shows a sparse overall connectivity, 
with approximately 6% of all possible connections realized. By analyzing the 
connectivity and network centrality of neurons in the eye network we could 
identify two distinct modules, corresponding to the neurons intrinsic to the two 
neuropils.  
We also analyzed reciprocal connections, and identified a motif of strong 
reciprocal contacts between the crosswise positioned primary interneurons. 
Two crosswise interneurons form a pair with several reciprocal synaptic 
contacts. We think that these synapses are inhibitory and this motif represents 
a mutual inhibitory connectivity, where the interneurons of one reciprocal pair 
are able to inhibit each other. This could increase the contrast perception and 
therefore improve the phototactic efficiency.  
We tested this hypothesis by quantifying the efficiency of phototaxis by 
measuring the magnitude of larval tail bending upon unilateral illumination. 
We performed eye ablation experiments, ablating the eyes in different 
combinations. The connectome data indicated that if one eye is eliminated, 
one particular primary interneuron will not receive a signal. We therefore 
anticipated different behavioral outcomes from the ablation of a bilateral pair 
of eyes versus a crosswise pair of eyes. These experiments showed that 
larvae with pairwise eye ablations, where all input to both reciprocal 
interneuron motifs was eliminated, had reduced bending efficiency compared 
to crosswise eye-ablated larvae. These experiments supported the model that 
the reciprocal connections between the crosswise interneurons enhance the 
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magnitude of the motor response, thereby leading to more efficient phototaxis. 
I also analyzed the connectivity of photoreceptor cells at different stages of 
developmental maturation in the same individual. We found that different 
photoreceptors from the same eye had different rhabdome volumes and axon 
lengths, indicating that the photoreceptor cells were at different stages of 
maturation at the time of larval fixation. We found that more mature neurons, 
characterized by larger rhabdomes and longer axons, had established more 
connections to the primary interneurons and that younger photoreceptors only 
formed few probably transient synapses with neurons that were not connected 
by the mature neurons. 
To understand the neurotransmitter content of the different neuron types of 
the visual eye circuit, we characterized the gene expression patterns of 
markers for classical neurotransmitters and monoamines. We found that the 
photoreceptor cells of the adult eyes are glutamatergic, the interneurons 
express a variety of monoaminergic markers, and the motorneurons are 
cholinergic and partly GABAergic. 
To conclude, my reconstruction of the 3 dpf old Platynereis connectome 
represents the first complete sensory-motor-circuit reconstructed in any 
animal. I identified a simple visual system which mediates phototaxis. The 
Platynereis visual eye circuit has the capacity to compare light inputs from 
different sides of the body, enhance contrast by reciprocal inhibition and guide 
visual phototaxis. Phototaxis can be either positive or negative, indicating that 
the circuit can be modulated by other sensory inputs. From an evolutionary 
point of view, the simplest visual eyes may have mediated phototaxis, and 
allowed animals to distinguish between a light and a dark field in the ocean. 
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N. Randel, L.A. Bezares-Calderón, M. Gühmann, R. Shahidi and G. Jékely. 
Expression dynamics and protein localization of rhabdomeric opsins in 
Platynereis larvae. Integrative and Comparative Biology 2013, 53 (1). 
 
Opsins, light sensitive seven-transmembrane G-protein coupled receptors, 
are present in photoreceptor cells across Eumetazoa (Terakita 2005). The 
diversity and subcellular localization of different classes of opsins helps us to 
understand the functional diversity of animal eyes.  
I investigated the localization and expression of two rhabdomeric-type opsins 
in Platynereis. One of the opsins, r-opsin1, has already been described in late 
larval stage of Platynereis, the other, r-opsin3, was described in this study. In 
r-opsin3 I could identify conserved residues characteristic of opsins, including 
the lysine residue in the 7th transmembrane segment and a tripeptide motif 
(HPR) characteristic of rhabdomeric opsins. Phylogenetic analysis of r-opsins 
suggested one gene duplication event at the base of mollusks/annelids and 
one before the split of errant and sedentary annelids. 
Both r-opsins are expressed in the larval and adult eye during Platynereis 
development. After hatching, the larva has two larval eyes, which consist of a 
rhabdomeric photoreceptor cell and a pigment cell. Until 3 dpf the eyespot 
only expresses r-opsin3 in a single photoreceptor cell. At 3 dpf expression of 
r-opsin1 can also be detected in the eyespot. To determine a possible 
coexpression of the two opsins, we performed double RNA in situ 
hybridization. This revealed that the two opsins are expressed in two adjacent 
cells, indicating the presence of a second photoreceptor cell in the eyespot. 
The r-opsin1-expressing cell is likely present until adulthood, whereas the 
expression of r-opsin3 cannot be detected in the eyespot after 3 dpf. To 
characterize the second eyespot photoreceptor, I performed ssTEM on a 3 
dpf larva. The reconstruction of the larval eye confirmed the presence of a 
second rhabdomeric photoreceptor cell in the eyespot, with a defined 
rhabdome within the pigment cup. Interestingly, the axonal projections of the 
two photoreceptors are different. The r-opsin3-expressing cell, which 
represents the photoreceptor cell in the early larval stage, innervates the 
ipsilateral prototroch and projects towards the neuropil. In contrast, the newly 
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developed r-opsin1-expressing rhabdomeric photoreceptor cell directly 
projects towards the neuropil, to a distinct area. 
After 2 dpf, Platynereis larvae develop additional four adult eyes. All 
rhabdomeric photoreceptor cells in the adult eyes co-express r-opsin1 and r-
opsin3. This expression pattern could be observed in all stages examined, 
from 2 dpf until adulthood.  
I also developed antibodies against r-opsin1 and r-opsin3 to characterize their 
localization within the photoreceptor cells. I could detect the opsins in the 
rhabdome of the larval and adult eye photoreceptors. Additionally, I could 
detect r-opsin1 in the axonal projection of the adult eyes in the primary optic 
neuropil.  
This study revealed a change in the opsin expression in the eyespots during 
development and identified a second photoreceptor cell in the larval eyespot 
with a different projection pattern from its neighbouring photoreceptor cell. 
This eyespot photoreceptor may be maintained until adulthood. In contrast to 
the eyespots, the adult eye photoreceptors express both opsins during larval 
and adult stages.  
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Discussion and Conclusion 
 
Visual navigation with the capability of phototactic sign switch and 
contrast enhancement 
 
The mechanism of phototaxis in the 3 dpf old larva of Platynereis differs from 
the previously described non-visual phototaxis in younger larvae (Jékely et al. 
2008). With the development of the adult eyes, the larva is able to compare 
and contrast spatial differences in light during phototaxis. The ability to 
compare light input from both sides of the body without body movement is the 
hallmark of vision (Nilsson 2009). Spatial resolution is not achieved by single 
photoreceptor cells, but by all photoreceptor cells within one eye, because the 
signal from all photoreceptors in one eye converge on a single primary 
interneuron. This means that the larva is able to distinguish between four 
different light/dark areas, each area detected by one eye. This kind of a four-
pixel eye circuit represents the simplest form of vision, able to detect only four 
pixels, sufficient only to mediate visual phototaxis.  
The Platynereis larval visual eye circuit also has implications for eye 
evolution. It might represent a precursor to low resolution image-forming eyes, 
as an intermediate stage between non-directional light response mediated by 
a sensory-motor eyespot and an eye able to mediate low resolution vision 
(Nilsson 2009). 
The progression from non-visual to visual phototaxis in the life cycle of a 
pelagic larva may be necessary because of changes in locomotion pattern 
during development (Chia & Buckland-Nicks 1984). Late-stage Platynereis 
larvae have a mixed pelagic-benthic life style and in addition to rotational 
swimming with cilia, they can also crawl or glide on the substrate. Such a 
bilateral crawling motion would not be compatible with helical phototaxis, but 
is compatible with visual phototaxis, where constant body rotation is not 
necessary.  
Phototaxis is widely distributed among planktonic marine larvae (Thorson 
1964). Larval phototaxis is always mediated by simple eyes. Such eyes have 
been described in many invertebrate larvae, including sponges (Leys & 
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Degnan 2001), cnidarians (Nordstrom et al. 2003), annelids (Bartolomaeus 
1992a), mollusks (Bartolomaeus 1992b), nemerteans (Döhren & 
Bartolomaeus 2007), flatworms (Eakin & Brandenburger 1981), brachiopods 
(Passamaneck et al. 2011), crustaceans (Lacalli 2009), hemichordates 
(Brandenburger et al. 1973) and cephalochordates (Lacalli 1996). Sometimes 
the simple larval eyes develop into the adult’s visual eyes, like in gastropods 
(Blumer 1996), (Blumer 1994), (Chia & Koss 1983). Larval eyes can also be 
reduced as in some annelids (Blumer 1997) (Eakin & Westfall 1964) or 
coexist with the adult eyes, like in Platynereis, or the late larvae of other 
polychaetes (Heffernan & Keegan 1988), (Irvine et al. 1999). With the 
exception of Platynereis, the function and neural circuitry of simple eyes is 
poorly understood. It would be interesting to investigate how phototaxis 
changes during development and how it correlates with changes in behavior 
in other taxa.  
Phototactic sign switching is also very common among planktonic larvae 
(Thorson 1964). The mechanism of sign switching is not fully understood in 
Platynereis. However, the connectome reconstruction suggests that the signal 
from the eyes diverges at the level of the Schörkel-interneurons which 
innervate both the ipsi- and the contralateral motorneurons. We have 
observed that other external sensory stimuli, including temperature and 
mechanical stimulation, can switch the sign of Platynereis phototaxis. The 
mechanism of such cross-modal integration will be an interesting subject for 
further studies.  
 
In Platynereis the larval and visual eyes express distinct neurotransmitters. 
The larval eye releases acetylcholine (Jékely et al. 2008), whereas the visual 
adult eyes use glutamate. Glutamate is also expressed in vertebrate 
photoreceptor cells, where a light stimulus induces a hyperpolarization of the 
photoreceptor and inhibits the release of the neurotransmitter. This triggers 
the hyperpolarization of postsynaptic OFF-bipolar cells or the depolarization of 
ON-bipolar cells (Sanes & Zipursky 2010). In arthropods, histamine is 
commonly used as a neurotransmitter in the eye (Stuart et al. 2007), while in 
Drosophila larvae the Bolwig organ uses acetylcholine (Yasuyama et al. 
1995). In other taxa the information about eye neurotransmitters is limited, but 
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studies identified glutamate in the mollusks Aplysia and Bulla (Michel et al. 
2000) and acetylcholine in Hermissenda (Heldman et al. 1979).  
 
The morphology and connectivity of photoreceptor cells at different stages of 
maturation in Platynereis revealed how neuronal connectivity may develop in 
annelids. Shaping of the connectivity by spontaneous activity (Yamamoto & 
López-Bendito 2012) or by glia cells (Corty & Freeman 2013) is known from 
other taxa. Glia cells also play an important role in neuronal development, 
regeneration, activity and the establishment of synaptic connectivity (Stout et 
al. 2014) (Mashanov et al. 2013) (Edwards & Meinertzhagen 2010) (Freeman 
& Doherty 2006). Myelinated axons have also been identified in annelids 
(Hartline & Kong 2009) but their function in this group is unknown. In 
Platynereis, the organization of the glia cells is different and no myelin sheath 
is formed. The glial cells in Platynereis surround the primary and secondary 
optic neuropils from the anterior side forming a boundary between these 
neuropils and adjacent tissues. Further investigations about the organization 
and function of glia cells in annelids are necessary to quantify their influence 
on neuronal development.  
 
 
Functional and sensitivity of the larval and adult eyes in Platynereis 
 
The larval and adult eyes of Platynereis undergo different spectral and 
functional maturation. At the onset of phototaxis the photoreceptor cell of the 
larval eye expresses only r-opsin3. It has been shown that the larval eye 
mediates phototaxis by a direct projection to the lateral prototroch cells 
(Jékely et al. 2008). The larval eyes may retain their function in mediating 
phototaxis until r-opsin3 is expressed. The later function of the eyespot in 
older Platynereis is unknown, but the r-opsin1 expression is maintained until 
adulthood in the second photoreceptor cell, as shown by an r-opsin1-GFP 
transgenic line (Backfisch et al. 2013). The projection of the second eyespot 
photoreceptor to the neuropil indicates that further functions may develop e.g. 
the entrainment of circadian rhythms or spectral light avoidance in the larval 
and adult worm.  
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The photoreceptor cells of the adult eyes co-expressed both rhabdomeric 
opsins, which probably broadens their spectral sensitivity. Opsin co-
expression is known from different arthropods (Katti et al. 2010) (Mazzoni et 
al. 2008) (Porter et al. 2009) and vertebrates (Lukáts et al. 2002) (Lukáts et al. 
2005). A possible function of the two r-opsins as a depth gauge is unlikely, 
since r-opsins are known to depolarize photoreceptor cells, likely excluding 
the possibility of antagonistic interactions between them.  
The localization of both rhabdomeric opsins in the rhabdome within the 
pigment cup agrees well with their phototactic function, which requires a 
restricted view angle. The axonal localization of r-opsin1 mRNA and r-opsin1 
protein in the visual eye photoreceptors may indicate further regulatory 
functions for r-opsin1 (Martin & Ephrussi 2009). In vertebrates, melanopsin of 
the retinal ganglion cells is localized in the cell body, the dendrite and the 
axon and is involved in circadian clock regulation and pupillary light reflex 
(Hattar 2002).  
 
 
Conclusion 
 
The detailed anatomical and functional studies of the visual eyes in the late-
stage Platynereis larva presented in this thesis led to an in-depth 
understanding of the neuronal mechanisms of visual phototaxis in a marine 
larva. From an evolutionary point of view, the visual eye circuit of Platynereis 
is a model for the simplest visual eyes that only allow an animal to distinguish 
between a light and a dark field in order to perform phototaxis. Contrast 
enhancement and spectral broadening of the response by the use of multiple 
opsins increase the efficiency of phototaxis and allow the larvae to navigate in 
a wider depth range and in different water qualities.  
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Figure 1–figure supplement 1. 
Morphology of photoreceptor cells reconstructed from serial TEM sections.  
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Figure 1–figure supplement 2. 
Morphology of IN1, INton, INsn, and INdc cells reconstructed from serial TEM 
sections.  
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Figure 1–figure supplement 3. 
Morphology of INint and INvc cells reconstructed from serial TEM sections.  
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Figure 1–figure supplement 4. 
Morphology of motorneurons reconstructed from serial TEM sections.  
 
 
 
Figure 1–figure supplement 5. 
Axon diameter and synapse size in the Platynereis larval connectome.  
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Figure 1–figure supplement 6. 
Synapses of photoreceptors and IN1 cells. 
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Figure 1–figure supplement 7. 
Synapses of IN1 cells. 
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Figure 1–figure supplement 8. 
Synapses of INton cells and INsn cells. 
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Figure 1–figure supplement 9. 
Synapses of motorneurons. 
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Figure 2–figure supplement 1. 
Muscles and ciliary bands in 3-day old larvae.  
 
 
 
Figure 3–figure supplement 1. 
Synaptic vesicle diameter for different synapse types. 
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Figure 3–figure supplement 2. 
Expression of neurotransmitter markers in the head of Platynereis larva. 
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Figure 3–figure supplement 3. 
Neurotransmitter marker gene expression profiling. 
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Figure 4–figure supplement 1. 
Synaptic connectivity matrix of the Platynereis larval visual circuit. 
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Figure 4–figure supplement 2. 
Connectivity graphs of the Platynereis larval visual circuit. 
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Figure 4–figure supplement 3. 
Modules in the eye connectivity graph. 
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Figure 4–figure supplement 4. 
Connectivity matrix of the left and right body sides. 
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Figure 4–figure supplement 5. 
Stereotypy of synapse distribution on IN1 cells. 
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Figure 4–figure supplement 6. 
Stereotypy of synapse distribution on INton INsn and MN cells. 
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Figure 6–figure supplement 1. 
Inhibition of phototaxis by a cholinergic antagonist. 
 
 
 
Figure 6–figure supplement 2. 
Efficiency of phototaxis depends on contrast, not absolute light levels.  
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Figure titles and legends 
Figure 1–figure supplement 1. 
Morphology of photoreceptor cells reconstructed from serial TEM 
sections.  
Tracing of the cell skeletons was complemented with partial volume 
reconstructions. The position of the cell body is marked with an asterisk.  
 
Figure 1–figure supplement 2. 
Morphology of IN1, INton, INsn, and INdc cells reconstructed from serial 
TEM sections.  
Tracing of the cell skeletons was complemented with partial volume 
reconstructions. The position of the cell body is marked with an asterisk.  
 
Figure 1–figure supplement 3. 
Morphology of INint and INvc cells reconstructed from serial TEM 
sections.  
Tracing of the cell skeletons was complemented with partial volume 
reconstructions. The position of the cell body is marked with an asterisk. 
 
Figure 1–figure supplement 4. 
Morphology of motorneurons reconstructed from serial TEM sections.  
Tracing of the cell skeletons was complemented with partial volume 
reconstructions. The position of the cell body is marked with an asterisk.  
 
Figure 1–figure supplement 5. 
Axon diameter and synapse size in the Platynereis larval connectome.  
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(A) Histogram showing axon diameter (n=102). (B) Histogram showing 
synapse size defined as the number of consecutive sections in which a 
synapse was visible (n=100).  
 
Figure 1–figure supplement 6. 
Synapses of photoreceptors and IN1 cells. 
Examples of PRC to PRC (A-C) and PRC to IN1 synapses (D-G). The left and 
right panels show the same synapse at different resolution (left: 3.7 nm/pixel, 
right: 0.2 nm/pixel). Asterisks mark the synapse, which is shown at higher 
resolution in the right panel. Scale bar, 100 nm. 
 
Figure 1–figure supplement 7. 
Synapses of IN1 cells. 
Examples of IN1 to IN1 (A-D) and IN1 to INton synapses (E-H). The left and 
right panels show the same synapse at different resolution (left: 3.7 nm/pixel, 
right: 0.2 nm/pixel). Asterisks mark the synapse, which is shown at higher 
resolution in the right panel. Scale bar, 100 nm.  
 
Figure 1–figure supplement 8. 
Synapses of INton cells and INsn cells. 
Examples of INton to INsn (A-D) and INsn to MN synapses (E-H). The left and 
right panels show the same synapse at different resolution (left: 3.7 nm/pixel, 
right: 0.2 nm/pixel). Asterisks mark the synapse, which is shown at higher 
resolution in the right panel. Scale bar, 100 nm. 
 
Figure 1–figure supplement 9. 
Synapses of motorneurons. 
Examples of MN to muscle cell (A-D) and MN to prototroch cell synapses (E-
H). The left and right panels show the same synapse at different resolution 
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(left: 3.7 nm/pixel, right: 0.2 nm/pixel). Asterisks mark the synapse, which is 
shown at higher resolution in the right panel. Scale bar, 100 nm. 
 
Figure 2–figure supplement 1. 
Muscles and ciliary bands in 3-day old larvae.  
(A) Phalloidin staining of the musculature (red) in a 3-day-old larva, ventral 
view. Arrows point at the most anterior tip of the dorsal longitudinal muscles. 
Nuclei are labeled with DAPI (cyan). (B) SEM micrograph of a 3-day old larva 
(ventral view) showing the prototroch and metatroch ciliary bands. (C) ssTEM 
reconstruction of the prototroch cells. Two MN cells are also shown. One of 
the prototroch cells extends a long projection towards the MN axons and 
receives synaptic input there (arrow). (D,E) Bilateral divergence of the circuit 
at the level of the MNs. SN cells connect to both ipsilateral and contralateral 
MNs at their proximal or distal axon segments respectively. The position of 
synapses from SN to MN cells are shown. In (D) only two MNs are shown for 
clarity. Scale bars 30 µm. 
 
Figure 3–figure supplement 1. 
Synaptic vesicle diameter for different synapse types. 
Scatter plot of the diameter of synaptic vesicles of different synapse types. 
The labels indicate the pre- and postsynaptic neurons. Vesicle diameter was 
measured from high-resolution (0.2 nm/pixel) images. Mean with 95% 
confidence interval are shown. n >47 vesicles for each synapse type. p-values 
of an unpaired t test with Welch's correction are indicated relative to synaptic 
vesicles of the photoreceptors. 
 
Figure 3–figure supplement 2. 
Expression of neurotransmitter markers in the head of Platynereis larva. 
(A-H) Whole mount RNA in situ hybridization in 3-day-old larvae for 
neurotransmitter marker genes (red), counterstained with acetylated tubulin 
antibody (white). (A) Glutamatergic marker vesicular glutamate transporter 
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(VGluT), (B,C) cholinergic markers choline acetyltransferase (ChAT) and 
vesicular acetylcholine transporter (VAChT), (D) GABAergic marker glutamate 
decarboxylase (gad), (E) histaminergic marker histidine decarboxylase (hdc), 
(F) serotonergic marker tryptophan hydroxylase (TrpH), (G) dopaminergic 
marker tyrosine hydroxylase (TyrH), and (H) adrenergic marker dopamine 
beta hydroxylase (dbh). (I) Ventral view schematic based on EM data of cell 
body positions of motorneurons (MN) and Schnörkel interneurons (INsn) 
relative to the larval axonal scaffold (as) and two gland cells (gc1, gc5). (J,K) 
Close-up of whole mount RNA in situ hybridization of (J) cholinergic marker 
VAChT and (K) GABAergic marker gad. Gland cells (gc) are indicated by a 
white outline. Yellow asterisks mark the ventral domain of gene expression. 
(L-O) Close-up of panels (E-H) showing whole mount RNA in situ 
hybridizations of (L) hdc (M) TrpH (N) TyrH (O) dbh. Yellow arrows indicate 
areas of gene expression in the region of the interneurons. The sensory cilia 
of the ciliary photoreceptor cells (cPRC) are indicated. (A-H, L-O) are anterior 
views, (I-K) are ventral views. Scale bar: (A-H) 50 µM, (J-O) 10 µM.   
 
Figure 3–figure supplement 3. 
Neurotransmitter marker gene expression profiling. 
The spatial relationships and colocalization of neurotransmitter marker genes 
were characterized by image registration and double RNA in-situ hybridization 
in 3-day-old Platynereis larvae. (A-D, F-I) Average expression patterns of 
neurotransmitter marker genes and r-opsin1 projected onto a common whole-
body nuclear reference template. An average acetylated tubulin signal (white) 
was also projected onto the reference. Colocalization of registered genes in 
the average gene expression 3D image stacks is indicated by white and 
highlighted by dashed circles. (E) Double whole mount RNA in-situ 
hybridization for hdc (cyan) and r-opsin-1 (red) counterstained with acetylated 
tubulin antibody (white). All images are anterior views. Scale bar 50 µM. 
Average 3D image stacks are available in (21). 
 
Figure 4–figure supplement 1. 
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Synaptic connectivity matrix of the Platynereis larval visual circuit. 
The synaptic connectivity matrix represents synaptic connections between 71 
neurons and 8 effectors. 
 
Figure 4–figure supplement 2. 
Connectivity graphs of the Platynereis larval visual circuit. 
Nodes correspond to single neurons, edges represent connections, weighted 
by synapse number. The layout is based on force field clustering. Nodes in 
the full (A) or the trimmed (B, C) graphs were colored by eccentricity (A), 
weighted degree centrality (B) or eigenvector centrality (C). In (A) all cells and 
connections of the minimal eye circuit are shown, in (B, C) cells connected 
with <3 synapses and edges <3 synapses were removed. 
 
Figure 4–figure supplement 3. 
Modules in the eye connectivity graph. 
(A) Trimmed connectomic graph of the visual eye circuit including 56 neurons 
and 5 effectors (muscles and ciliary band cells). Colors indicate the four 
modules of the network. Edges are colored as their source node. (B) 
Anatomical position of the cells of the four modules. The cells are colored as 
in (A), according to their module association. 
 
Figure 4–figure supplement 4. 
Connectivity matrix of the left and right body sides. 
Synaptic connectivity matrix of cells with a cell body on the left (A) and right 
(B) body side. 
 
Figure 4–figure supplement 5. 
Stereotypy of synapse distribution on IN1 cells. 
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Spatial distribution of synapses onto axons of the posterior right (A), posterior 
left (B), anterior right (C), and anterior left (D) IN1 axons. Synapses of 
individual PRCs to IN1 axons are shown in different colors. The cell-body 
proximal synapses from the axons of the respective crosswise IN1 cell are 
also shown.  
 
Figure 4–figure supplement 6. 
Stereotypy of synapse distribution on INton INsn and MN cells. 
Spatial distribution of synapses between (A, B) IN1 and INton, (C, D) INton and 
INsn and (E-H) INsn and MN cells. Asterisks mark the presynaptic neuron. 
 
Figure 6–figure supplement 1. 
Inhibition of phototaxis by a cholinergic antagonist 
Phototaxis index (A) and swimming speed (B) of control 3-day-old larvae and 
larvae treated with the acetylcholine receptor antagonist mecamylamine (50 
µm). Data are shown as scatter plots with mean ±  s.e.m. The phototaxis 
index is a population measure, the data are from five replicate experiments, 
each with >14 larvae. Swimming speed was averaged for single larvae (n>14 
larvae). P-values of unpaired t-tests relative to control larvae are shown. 
Source data are available from (21) 
 
Figure 6–figure supplement 2. 
Efficiency of phototaxis depends on contrast, not absolute light levels.  
Larval phototaxis was measured in a cuvette illuminated from both sides. The 
stimulus light was dimmed on one side by adding progressively more 10% or 
25% neutral density filters. The experiment was performed with 100%, 50% 
and 10% starting white light intensity. Data are shown as mean ± s.e.m. The 
data points were fitted with a saturation binding-curve. Contrast is defined as 
(Imax-Imin)/(Imax+Imin) where Imax and Imin are maximum and minimum intensity. 
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Expression dynamics and protein 
localization of rhabdomeric opsins in 
Platynereis larvae 
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Supplementary Figure 1.  
 
 
 
Expression of r-opsin3 in the adult eyes and parapodia in an adult Platynereis. (A, B) 
Differential interference contrast (DIC) image of an adult Platynereis with r-opsin3 
expression in the adult eyes (A) and in the parapodia in the trunk (B). (C) In situ 
hybridization for r-opsin3 (red) counterstained for acetylated tubulin (white) showing 
expression in a notopodium of an adult. (D) Close up image of the notopodium 
showing r-opsin3 expression in a single cell (red), counterstained for acetylated 
tubulin (white) and DAPI (cyan). Asterisks in (C) show the chaetae, arrowheads in (B, 
C) indicate the r-opsin3-expressing cells in the notopodia. Scale bars: (A-D) 50 µm. 
 
